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A REVIEW ON THE PHOTOCHEMISTRY OF OH AND H

DEFECTS IN KCI CRYSTALS*

Span» Penha Mortto1 and Fritz Lflty'

ABSTRACT

A compmnanin» invmtigation ol th» photodmociMton of aubttitutional OH'dttocts In KCI a w • nidi i
ol Nmpvratur». -m rwimad including tha nuoV ol in* primary and •acondary rasction pmducn of IMS
pnotodnaociation. It «vat found lhat M LNT, tha «ability of th» Uj nntar IOH'primary phoionroduct) aaainn optical
tmrt i f» • conwdaraMy hiyhw than at LH.T Tha urn* vffaci M M obMrwd in OH'tnXf at BT. T I N N low afficrancy
pnondKompoiiiion p n m m indica» «fliciant back p i o t w i that appanntly racombtnM ttw pnotopraduen
•ígiwnl.íi» lh» orignwl cwit i i Th* uwd KCI hon maitcial nand» at • npuwi.ntw» for tr» larat family of cubic
alkali halrt* cryiialt. mtiilt ih* OH ion rapr«Mnra otntr diatomic molaculM of th» typ» XH~ Oik» SH~I. «Ml
•uppotadly tirmiat pn>p*iiMi. Th» obtannd pKanomana and procauM in KQAH'tnay thardor» b» nsjantad a a modal
caaa for a larg» group of Icryit»! • dvfaril - lytiama.

1 - INTRODUCTION

Hydrogen defects ir» the moit simpia and fundamental chemical impuritie» in cryitali which -
due to their timplc itructur» - are belt accessible to a lull quantum mechanical treatment of their
properties and interactions with the surrounding lattice. Alkali halides crystals are specially inractive
and informative for these studies as hydrogen hosts because substitutional or interstitial hydrogen can
easily be identified by their transitions due to electronic and/or vibronic excitation».

Hydrogen ion» (U centers) can be incorporated substitutionally"'" in alkali halides. They
produce a strong structureless electronic absorption band in the UV the maximum of which occurs at
214 nm for KCI and • narrow absorption lint in th* IR due 10 a strong localized vibration of the
hydrogen ion (at 502 cm"1 for KCl'l above th* LQ phonon frequencies of th* lattic*.

Low temperature UV light irradiation hi th* U band releases th* H'ion from i a substitutional
site to ar interstitial position ( I I , center) with an empty vacancy formed at th* originei sit*. This
process rs the low energy analog to the formation of the intrinsic charged Frenkel pair produced by high
energy radiation in the pure crystal. Subsequent prolonged broad band irradiation In th* UV will excit*
th* Ui absorption of th* H" ion leading to its tonizetion and transfer of th* electron back to the anion
vacancy. These process can be represented by th* following reactions:
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by (hit process tha extrinsic chaiged Fienkel pair is converted into a neutral pair consisting of an F
canter and an interstitial hydrogen atom (Uj center). This latter defect it characterized by an electronic
eb*orp».on band in the UV (at 236 nm in KCI).

Hydrogen defects can also be directly ot-Mined from the low temperature photodecomposition
of OH~impuritt« l 4> which are incorporated subsntionally in alkali halidet'51. OH"ions, the mojt simple
heteronuclear diatomic lattice de'ect. give rise to electronic, vibration»! and librational optical
••citations. Tha electronic absorption consisti of a broad structureless and «ssymetric band in the UV
(at 204 nm for KCI).

The excitation of the OH electronic transition produce» the photodisiociation of the OH "ion.
The primary products of this process, as initially proposed by Kerkoff1*1 consist of an interstitial
hydrogen atom (H° center) and an oxygen ion left at the original OK" lattice site. This photoreaction
can be represented by the following equation:

fon • he - uP • f cT l 13)

In this prrvnt work we shall review the phenomenology of the photodiuociation of OH*
defect- in KCI over a wide range of temperatures including the study of the primary and secondary
prnducri of «hit photodittocianon.

Special attention is focused on the low temperature thermal behaviour of the several
prtotop'ixluctt involve) «rid then possible stabilization at higher temperatures if a suitable trap is
provided The neat paper (part M M ) will present a detailed study on the formation and extinction
kinectict of a new configurate n of atomic charged hydrogen that is not connected to any other
impurity.

2 - EXPERIMENTAL PROCEDURES

Most of the optical measurements, optical and thermal treatments were carried out with an
He1 4 ' optical made by F. X. Stohr (Germany). This cryostat was provided with four windows which
perrmted parallel and crossed optical beam experiments, together with the possibility of exchanging

accoriling to the specific spectral requirements of the experiment. A variable temperature tail
'for this cryostat wet descried and built, based on the principle of exchange gas as a thermal switch'

controled by thermocouple» and thermistors. The sample holder was designed to meet the most variable
requirements such as crossed or parallel optical beam geometries. It consisted of an L-shaped piece Of
copper machined out of a solid block. It was pressed against the bottom plate of the exchange gat
chamber by a circular brass flange, with indium foils interposed between the mechanical parts to
increase the thermal conteci. la thu way, quick changes of geometry were possible just by releasing the
flange screws and rotating the sample holder. Soldered to the sample holder was a heater element. The
high power dissipation characteristics of this heater were necessary in order to echiev; quick temperatura
changes, different heating rates and high temperature annealings. The heater element was powered by •
Veriec transformer.

Th* KCI crystals were grown from th* melt by tht Kyropoulus method under a controlled
argon get atmosphere1", in the Utah crystal growth laboratory. The starting crystal material was
ultrapure grade from E. Merck AG Darmstadt (Germany). Som* ultrapure material was subject t o a
pretreatmem with HCI at high temperatures to eliminate as much at possible traces of O H ' or oxygen
impurities. In other crystals. KOH was intentionally added to the melt in controlled amounts in th*
range of 1 0 ' * to 10 * mole percent to dope the crystal with the desired OH*content. The sample»
were cleaved from th* middle of the block to avoid th* (possibly contemlnatedl surface sections. Samp»*
dimarwiont ranged from .30 to 10 0 mm thickness for th* optical path according to the experimental



requirements. The samples were mounted on the sample holder by compression with a spring-loaded
copper frame.

For undiipeiseri UV • visible light irradiations, we used a 150 W Xenon lamp from Hanovia
BOIC- 11. mounted in a Bausch Lomb lamp housing and equipped with UV grade quart! condenser lera
lystem. For monochromatic inadiations in the UV region we used the Xenon lamp mounting attached
to a Bausch and Lomb gr.ting monochromator. The band pass used was approximately 20 nm. In
general, hujhrr order spectra m e not eliminated. Whan it was necessary to obtain a fairly pura
monochromatic irradiation, two monochromators were coupled in a tandem arrangement. Optical
absorption measurements were carried out with the Cary 14 or Beckman IR-12 recording double-beam
spectrouhotometers. The resolution obtained with the Carry 14 was around 1 nm. The resolution
obtained with the Bit * man IR 12 was variable, from 1 to 12 cm"' according to the experimental
requiremrnts. The determination of concentration for the centers involved in this work was dona by
using the Smakolj formula. For calculation of the OH* concentration we used the calibration describad
by B Frit*, et ai191.

3 - RESULTS AND DISCUSSIONS

3.1 - Low Temperatura Photochemm-y

In our elfort to study comprehensively the photodissoeiation of the O H ' defect in KCI, we)
c o n m l the whole temperature range from liquid helium to room temperature and divided this
temper *ture range into three intervals. The choice of these intervals was suggested by the thermal
stability of the main reaction products of the OH" photodissociation. The first and most important
temperature interval to study the OH" photodissociation it the one in which the H° center is thermally
stable, that is below about 100K. Below 200 K we find other centers like H, thermally stable and this
defined the upper limit of our second temperature interval. Above 200K, up to room temperature,
apparently none of the products of the OH"photodissociation is stable.

Like most of the alkali halirict. the OH" absorption in KCI ii broad (halfwidth «bout 0.5 eV).
structureless ind aisymetric, and has an oscillator strength of «bout 0.1315-9 ' . We photodusocuteO the
OH" detect in two different temperatures ILHeT and LNT) at displayed in Figure 1. By irradiation into
the OH" band we obtained its decrease accompanied by the increase of the other bands, due to the H°,
and the O" centers which are the primary proc*ic*s of the O H ' photodiuocietion. Only trte long
wavelength iail of the O" band could be measured due to spectral restrict ions cf the tpeetiophotometer.
In these temperatures the OH* photodissociation process showed a temperature independent quantum
efficiency.

The electronic absorption of the H° canter in KCI consits of • «ingle band (U, band) peaking
at 236 nm. Like the OH* band for KCI, this band is structureles» and essymttric {fwlfwtdth about
0 40 eV) and its oscillator strength is of the order of 0.33. Similar to the OH"photodinocietion proce*-
we obtain by irradiation at LHeT into the U , band, its decrease accompanied by Ihft appearance of two
other band», the U band IH" center) and the H band (Cl" crowdion). The photodistociation of the H° at
LHef it spectrally shown in Figure 2. The timulteneov- creation of U and H band* strongly indicate»
that the hydrogen atom occupies the vacancy left by the halogen atom during the excitation. Thri
procete can be represented by the following equation:

[ci J H*; • h r •• M- • O " W>

The H*j centers generated by the pholoditsocietion of OH"defect» are Isolated and unperturbed
mieritiiial hydrogen etoms which have been «ulcniivply studied by EPR and ENDOfl technique» in
wrv*.»l alkali r tehde» 1 1 0 ' " ' 1 - 1 ' 1 " Iwe Figum 3A) H*| «mter» can alto tx? produced either by irradiation
into U, hand of H delects"4 1 or by the photwIiSKKiatron of any molecule of the form X H ' (like



S H " " 5 ' 8 1 ) . X standing tor an element of group VI . In a model proposed by Kerkoff. et a l " " . the H °
center can be described by a tetraheriul HCfJ" molecular ion in which one positive hole in its giound
state is mainly bound to the interstitial hydrogen atom (Figure 3A). This ground state hole gives rise to
a spin resonance. In the U 2 band optical transition to the excited state, a charge transfer mechanism
biings one electron of the four surrounding chlorine ions into the hydrogen atom (Figure 3B). Therefore
the unrelaxtd excited state of the H° center will correspond to a configuration where the hole is mote
bound to the four surrounding halogen ions and consequently less localized (Figure 3B). Kur* 1 1 8 '
suggested that in this excited state the lattice will undergo a non-cubic relaxation process (static
Jahn Teller distortion, Figure 3C) after the H° center excitation takes place. This non-cubic lattiot
relaxation will lower the symmetry possibly displacing the hydrogen ion in the < 100 > direction and
moving chlorine ions in the < 100 > directions. A polarization of the charge distribution will a'so take"
place changing the potential experienced by the hydrogen. The hole will tend do become more localized
at :he two chlorine ions which approach each other. Annihilation between the transferred electron and
the hole may occur restoring the original H° center configuration. Experimentally, however, one
observes the H° center photodestruction (with a quantum efficiency which is not yet determined
quantitatively). This fact will require some finite escape probability for one of the Cl atoms. Its vacancy
will be occupied by the hydro en ion forming a H" center. The halogen atom will escape in a < 1 1 0 >
collision replacement sequence until it is well separated from the vacancy (hydrogen) left behind and
stabili/en at a Cl" crowilion IH band), as seen in Figure 3D.

A more quantitative app'oach to the H° photodestruction leads us to Figure 4A where we show
the changts in the heiqht of the U j , H and U bands as a function of the monochromatic U j band light
irradiation at 6K. Plotting the formed reaction products ( H a n d Cl° centers) against the destroyed H °
cemets. we obtain ttraight lines (Figure 4B). This is consistent with the assumption that the H° centers
decompostion proceeds m a one to one ratio to form both H* and Cl° centers (Eq. 4) . In this picture,
the differences in slope are due to differences in oscillator strengths and halfwidths of the two bands.
From these slopes the relative oscillator strengths of the U j . U and H absorptions can ba determined.

From the thermal destruction of all Cl° crowdions (monitored by the complete extinction of
the H band), we observed that the process describe I by Eq. 4 hat not been completely reversed. This »
clearly shown in Figure 2 which contains the final balance between U and U j bands after the completa
H center destruction by annealing Io 77K was made Figure 2. Considering the ratio between the
«mounts of H ' delects consumed in this back process and the amount of H ° center» returned, we get
the same value obtained in the production process descubed by Eq. 4. This indicates that apparently no
H" or H° centers were involved in other reactions during the annealing procedure. Nevertheless, the ratio
between Ci° crowdions consumed and l-fj centers returned it much higher thar, in the crowdion
production process indicating that part of the Cl° crowdions during thermal annealing did not make this
same back process but must have been trapped and stabilized somewhere eltt in some other form.
However, no new absorptions were absorved to develop in the whole UV and visible region of the
spectrum. The question, into what structures the mobile Cl* crowdions become trapped and stabilized,
remains open and unanswered at this point.

IrradMttion into the U j band at LNT leads to spectral changes very similar to the ones obtained
in the above discussed case of LHeT irradiation: The U , band is reduced and the U band is formed
(Figure 5). No H band is formed as espected from the fact that the Cl" crowdions are no longer stable
at LNT. If we plot - similarly as for the LHeT case in Figure 4 - the U j end U bind changes against
irradiation time (Figure «Al and compere tf.« increase of the U band with the U j band decrease
(Figure 68) we find, in comparison to the LHeT behavior, the following changes:

a) The initial quantum efficiency for the optical H * center destruction la about ten times

smeller then it was M LHeT (Figure BA).

b) Though a linear relation between U , bend decrease end U bend increase is again obtained

(Figure 6B), their ratio is different from lhe one obtained at LHeT.



Phenomenologically (a) shows that the «ability of tha H° center against optical bleaching it
comiderably high» than at LHeT. If we assume that the initial photodestruction of tha H° center
produces the Cl° crowdion center (at it doe» at LHeT).. this thermally unstable interstitial center may
easily reoombine bach and restore the initial H° center. This would account for tha low efficiency of
the H° canter photodestruction.

Still in 10% of the U , band excitation cases (compared to LHeT). tha H*j photodeitruction
works and U centers are formed. This means that the mobile Cl° crowdion did escape without
recombination and mint get trapped and stabilized at some unknown placa. undetectaMe with UV and
visible spectroscopy. The fact that in this process the IAU I : I A U , I ratio is different from the 1:1 ratio
found at LHeT as indicated in (b) suggests that hydrogen is some form may ba involved in tha
Stabilization and trapping of the Cl° crowdion.

The precondition for this line of arguing is tha assumption that tha photoexcitation of the H^
canter at LNT leads - similarly to tha LHeT case-primarily and initialy to tha formation of a Cr»
crowdion - even if it is thermally not stable and therefore not detectable by the H-band. This
assumption was experimentally proved by simple offering tha Cl° crowdions a trap would thermally
stabilize them. This was achieved by additionally introducing Na* impurities in tha KCI O H "system. Cl"
centers trapped in the immediate vicinity of a simple substitional Na* impurity ara tha so called H .
centers'191.

H A centers in KCI give rise to a strong transition at 357 nm and a weaker one at 560 nm.
These H A bands have a thermal decay temperature of about 113K. Wa repeated with KCI:Na* • 0 H ~
crystal at 77K the same previously described sequence of monochromatic irradiations starting with tha
O H ' prtotodissociation, followed by the U, band photodestruction. Tha results ara displayed in Figura 7.
At we can see from there, wa ware able to produce H centers and have them trapped at Na* impurities
and stabilized at 77K. This process can ba described by tha tallowing aquation:

• ÍNa* • H" • h i> - • H - | • [CI* N a ! ) ( H . cantar» (5)
I I • t I ' • "

These experiments show dearly that .Thotoexòtstion of H^ canters at LNT leads (similar to tha
LHeT case) to the production of Cl° erowdiont. Tha difference to tha low temperature case is that
these crowdiont are thermally unstable and mobile (i.e., don't appear by tha H band absorption). They
either recombine with tha U canter and restore tha initial H ° defect, or escape in tha lattice looking for
a different trapping site. In a Na* doped crystal they can ba trapped by • Na* ion, forming the thermally
stable H A (Ne'l configuration. Wa can therefore conclude that in our crystal with oxygen and various
hydrogen defects a different trapping placa it operativa, which can stabilize tha mobila Cl*} crowdion
and tharafora allow even at LNT the H* - H" convertion. Thus wa mutt have at LNT reactions of tha
typa:

Primary process: I CT I • M» • h »• -» I H ' I • O? (mobila) (•)

Sack reaction: O * (mobila) • _ H J - Cl° • H° (7)

E*cape*aaction: Cf| (mobila) • X , , , p -» | a » X t f , p J (•>

Tha tame X , , , p would have bean responsible for tha unaccounted disappearance of Cf^
crowdions in tha thermal annealing process after their production at LHeT, treated bafora. In both
casei, no UV or visible absorption has been found to identify the |CI* X | f # p ] complex. As hydrogen in

-some form i» a strong candidate for tha X. , ._ , wa set up IF) experiments with tha eirr to possibly
1r Vpr



•rientify th* trapped Cl° ciowdion by local mod* tpectrotcopy. This subject will be treated in the
next papei (Part I I).

X 2 - PhatodccompoMtkMi of O N ' above 120K

We next investigated the OH" photodecornposition at temperatures above the thermal
liability of the H° center. By irradiating into the OH" band at ISO K. we obtained its decrease
accompanied by the increase of the H3O"band<JO> . This process is displayed in Figures. Plotting
in a manner timilar to the low temperature case, the OH" and H,O" band changes vs. irradiation
time (Figure 9A). and comparing the increase of the H,O~ band with the OH" band decreate
(Figure 981. we find that following results: a) compared to the LNT or LHeT OH*
photodecomposition. we observed that the initial quantum efficiency of O H ' destruction at 150K
is a factor of two higher than it was at LNT or LHeT. b) by plotting the OH" absorption band
decrease vs. H,O" absorption band increase, a linear relation between the OH ~ decrease and H20~
increase is obtained |Figure9B), indicating a direct conversion process between canters without
other side reactions.

The factor of two obtained between the OH" destruction rates at LNT of LHeT and
150K suggnti that for each H , 0 " center formed two 0 H ~ canters wtra consumed - one by
phorod«truct»n process, and the other by trapping a mobila H"J canter. These observations
suggested the following set of equations:

OH"] •

HP *

h v - «

OH"

0'

• KT

Adding these two equations, wa obtains:

OH h»>» KT -• I 0 "

At higher temperatures (especially at RT) it is very hard - if not impossible - to control
all the process that are taking place simultaneously due to the instability and consequent mobility
and aggregation of the different centers involved. Processes like interstitial molecules and colloid
formations are usually the end products of high temperature photochemistry. To get an idea of
how a pure KCIOH* system would behave under OH" Irgti irradiation at RT, wa basically repeated
the experiments already done at lower temperatures and observed that very little changes ocurred.
We obtained a slight shift to lower energies (=25 nm» in the original OH" band in the UV region,
possibly due to e very small amount of U-bend development, and a very small build-up of an F
band. These results dearly ehow a high stability of the OH" defect against optical bleaching at
these high temperatures. A* none of the primary and secondary reaction products treated at low
temperatures (H°. H* CT-j. H,O*> remain Matte (or lack of stable trapping pannes) at this high
temperatures, en efficient back-process apparently regenerates the OH" center after its
photo-dissociation.
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